The impact of the Radio Frequency heating and current drive systems on JET advanced scenarios at high density is analyzed by means of the CRONOS suite of codes for integrated tokamak modelling.
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AbstrAct.
The impact of the Radio Frequency heating and current drive systems on JET advanced scenarios at high density is analyzed by means of the CRONOS suite of codes for integrated tokamak modelling.
In particular, the performance of the proposed Electron Cyclotron heating and current drive system for JET is evaluated. As a first step, the code is applied in the interpretative mode to analyze two high power advanced scenario discharges of JET, in order to validate both the heating and current drive computational modules and the overall simulation procedure. Then, JET advanced scenarios are studied by predictive simulations on the basis of previous results. The simulations show that Lower Hybrid and Electron Cyclotron heating and current drive systems can provide together off-axis current in order to create and sustain steady-state scenarios on JET at high density. These results give deeper insight into the future advanced scenarios in ITER.
IntroductIon
An important goal of the magnetically confined nuclear fusion research program is to develop advanced scenarios with zero loop voltage and significant fusion power production that could project to a steady-state reactor. These advanced scenarios rely on the capability for controlling both the pressure and the current density profile. Moreover, the power source that sustains the burn must be partly generated by the plasma itself, via self-heating due to the energetic alpha particles produced by the fusion reactions. In addition, a large fraction of the current flowing in the plasma and necessary for the stability of the magnetic configuration should also be self-generated by the bootstrap effect (at least 50% [1] ). This implies that a localised control of heating, current drive and bootstrap current is necessary to sustain these scenarios for a long time. However, this is notoriously difficult when the bootstrap fraction is the dominant contribution (current alignment problem). These inherent difficulties will fully arise in the D-T phase in ITER, since, for the first time, a significant amount of alpha power will be obtained for long times, which will require of precise current and pressure control in advanced scenario regimes.
Present day tokamak experiments close to ITER conditions can effectively give a deeper insight
into the problem of current and heating channels control in advanced conditions, improving the present knowledge of all these effects. For this purpose, the 2009 JET campaign has been focused on the analysis of advanced tokamak scenarios (hybrid and steady-state) with ITER relevant characteristics, in particular with a high electron density which will be more suitable for future JET campaigns working with the ITER Like Wall (ILW). However, one of the main characteristics of ITER steady-state scenarios, i.e. the necessity of off-axis current to create and sustain them [2,3,4], is difficult to obtain in JET due to the lack of enough off-axis current sources. In addition, this problem is amplified in the high density regimes, where the current drive efficiency is lower. The inclusion of an Electron Cyclotron Resonant Heating and Current Drive (ECRH/ECCD) system could increase the JET performance in two different ways, one is by increasing the electron temperature in the core in order to work with similar electron and ion temperatures and second by increasing the off-axis current drive capability. This last feature could be essential for the establishment of ITER relevant steady-state scenarios.
The analysis of experimental shots with transport codes is also an important point in order to check different plasma characteristics as: heating coupling to electrons and ions, non-inductive current and bootstrap current fractions, radiated power, internal inductance, loop voltage, etc.
With this information, future experimental campaigns can be better conceived in order to accomplish the goal of having realistic steady-state scenarios, approaching, as well as possible, ITER-like conditions.
In this paper the integrated tokamak modelling suite of codes CRONOS [5] is applied to analyze two different advanced discharges at high power and high plasma performance, Pulse No: 77895 and Pulse No: 78052, from the 2009 campaign of JET. These shots are considered here as representatives of the advanced JET scenarios at high density, since high input power was used (≈30MW) and high β N and bootstrap current fraction were obtained. Therefore, they seem suitable to analyze the impact of off-axis current on advanced scenarios on JET. At first, an interpretative analysis has been carried out in order to be used for validation of the various modules entering the CRONOS suite, in particular with respect of their goodness for JET experimental conditions. This gives an overview of the current distribution in the discharges, underlining the difficulty to maintain a steady current profile on resistive time scales. A fully predictive simulation has then been done with the BohmGyroBohm transport model [6] , in order to allow sensitivity analyses of these shots. Finally, the impact of adding an extra source of off-axis CD, e.g., ECRH/ECCD to improve the performances of such advanced scenarios on JET has been investigated.
ModellIng AssuMptIons
These studies have been performed by means of the CRONOS suite of codes, which can solve the transport equations for various plasma fluid quantities (current, energy, particles, momentum). This is done in one dimension (the toroidal magnetic flux coordinate), self-consistently with 2-dimensional magnetic equilibrium which is calculated by means of the HELENA code [7] . The neoclassical terms, and in particular the bootstrap current which is essential for the correct simulation of the steady-state regimes, are determined using the NCLASS [8] code. The sources are computed by external modules coupled with the main transport equations. The Neutral Beam Current Drive (NBCD) is computed by means of the NEMO/SPOT code [9] , including calculations of the fast ions distribution by the orbit-following Monte Carlo code SPOT [10] . The ECRH/ECCD is calculated by means of REMA
[8] (ray-tracing and relativistic damping of electron cyclotron waves), with a linear estimate of the ECCD efficiency [12] . The Lower Hybrid (LH) power deposition and driven current have been computed inside CRONOS by means of the LUKE/C3PO code [13] , i.e., a 3D Fokker-Planck code coupled to toroidal ray-tracing. The Ion Cyclotron Heating source is computed by the PION code [14] , a time dependent 1-D Fokker Planck, including collisions and fast ion orbit losses. The core plasma line and bremsstrahlung radiation are computed with a model based on coronal equilibrium [15] . 
AnAlysis of Pulse no: 77895
For this discharge, 23MW of NBI, 6MW of ICRH and 2MW of LH were used. In the case of the LH, we use a simple n|| spectrum with a gaussian shape centered on n || = 2.1, which is the n|| used in the experiment. First, an interpretative simulation of the shot has been done by using the experimental data available (density and temperature profiles, plasma boundary) and simulating the evolution of the current density profiles. In figure 2 , the experimental temperatures and electron density (obtained . Just after the L-H transition, the q profile is already slightly below 2 according to the MSE data. After that, it keeps dropping slowly and after the power flattop phase it is close to 1. Therefore, according to these calculations, this scenario is not well sustained due to the current penetration and the lack of enough bootstrap and off-axis currents. The results obtained with CRONOS and the MSE constrained EFIT agree in this general trend.
AnAlysis of Pulse no: 78052
This shot has similar characteristics to 77895. However, at t=8.2s, half of the NBI power is lost (octant 8 drops out) which degrades the global performance. Therefore, the interpretative analysis is carried out here until t = 8s. The main characteristics of Pulse No: 78052 can be found in table 1. For this shot 23MW of NBI, 5MW of ICRH and 2MW of LH (with n || = 1.8) were used. In figure   6 , the experimental temperatures and electron density as well as the calculated current density profiles obtained with CRONOS are shown at t = 6.0s. The current density profile is determined by the bootstrap current and NBCD in the plasma center and by the bootstrap current at the edge. An important difference with respect to Pulse No: 77895 is that in this case no LH penetration is found, since n || was too low for accessibility at the density considered. One way to overcome this issue could to be to increase n || up to 2.1 (like in the previous shot) or to decrease the electron density. This has some impact on the total non-inductive current obtained, since, as shown in figure 7, I ni = 0.9MA with f ni = 69%, which is lower than for the previous shot. The bootstrap current is also slightly lower, I bs = 0.68MA with f boot = 40% due to the lower ion temperature obtained. However, in this case both quantities remain more stable than in the previous case and no significant decrease of f ni or f boot is observed before the onset of the MHD mode. Finally, I nbi = 0.24MA, as in the previous shot. The evolution of the q profile follows the same trend as the one obtained previously. From an initial q profile close to 2, it drops during the discharge and the final state is close to 1.
Finally, the comparison between li and V loop calculated with EFIT and CRONOS is shown in figure 8 , revealing a good agreement between experiment and simulation.
summAry of interPretAtive AnAlysis of Pulse no's: 78052 And 77895
From the previously shown analysis, some common characteristics can be inferred for Pulse No's: 78052 and 77895. At the beginning of the flat-top phase the q profile is close to 2, however, it cannot be sustained for the full discharge and at the end the q profile remains close to 1 (and could be even lower since the scenarios are not yet in steady-state due to the limitation of the duration of the shots compared to the resistive time, ≈7s). This feature is related to the fact that the non-inductive current level is not sufficient, since, although on average f boot = 40% and f ni = 70% for both shots, the bootstrap current fraction is too low, the NBCD is rather peaked on-axis (which contributes to the dropping of the core q profile) and the LH contribution is very little (less than 10%). Therefore, in order to get a steady-state scenario with q>2 and f ni = 100% (as the one expected for ITER), either more bootstrap current must be obtained or more auxiliary noninductive current must be driven, which in turn should be off-axis in order to balance the large on-axis current already generated by NBCD. This possibility will be analyzed in section 5, however, since this implies full predictive simulations, a predictive simulation will be carried out first for Pulse No: 77895 in section 4 in order to check the validity of the different assumptions employed. 
predIctIVe AnAlysIs of pulse no: 77895
With the aim of analyzing the temperatures that could be obtained by changing some of the main characteristics of the Pulse No: 77895, a predictive simulation of the temperatures and currents evolution has been carried out with the Bohm-GyroBohm model which was formerly established from the analysis of a large number of JET discharges. Since an ITB is observed in the ion channel, the criterion for the ITB triggering based on a combination of magnetic and E × B shear is also used in the following way. The ITBs are introduced with the function 1/(1+exp(20(0.05 + w E×B / g ITG -s))) multiplying the Bohm transport coefficient. Here, w E×B is the flow shearing rate by Hahm-Burrell [16] , s the magnetic shear and g ITG is a simple approximation of the linear growth rate defined as g ITG = v th,i /R with v th,i being the ion thermal velocity and R the major radius. The w E×B shearing rate is calculated by using the experimental rotation. Essentially, this function is a Heaviside function with argument C 1 + s -C 3 w E×B / g ITG , which has been already used to simulated ITB plasmas on JET [17] with the Bohm-GyroBohm transport model. Basically, when the argument 0.05 + w E×B / g ITG -s changes its sign, the ITB either forms (0.05 + w E×B / g ITG -s > 0) or (0.05 + w E×B / g ITG -s < 0) collapses. Physically, when the Bohm-type of anomalous transport is fully suppressed the ITB forms.
The pedestal width has been fixed to the experimental data whereas the height is calculated in such a way that the pedestal energy content, w ped , is w ped =w tot -w core , where the total energy content, w tot , follows the ITERH-98(y,2) scaling whereas the core content, w core , follows the ITER97-L scaling [18] . This methodology is described in detail in [19] .
In figure 9 , the simulated ion and electron temperatures are compared to the experimental data at t = 6s and the time evolution of the central temperatures is also shown. The profiles are in reasonable agreement as well as the central temperature evolution. The analysis of the power density profiles for ions and electrons are shown in figure 10 . It is found that the main NBI power is coupled to the ions. On the other hand, the ICRH power is mainly on-axis for the electrons, however this does not compensate for the low NBI power coupled, and that is the reason why in this shot the ion temperature is higher than the electron one for ρ<0.5. The total ohmic and bootstrap currents are also well simulated as shown in figure 11 . Finally, the comparison between the simulated li and that obtained with EFIT is shown in figure 12 . Although the temperature pedestal height is well simulated for electrons and ions, slightly differences in the profile appear in that region which finally lead to some differences in the value of li compared to experimental data, mainly due to the differences on the bootstrap current at the edge (being more important at the LH transition). In any case, the trend is very similar in both cases. Therefore, this model gives reasonable results for the temperature profiles and can be used to analyze the impact of adding an extra source of off-axis CD, in order to control the current alignment and increase the bootstrap fraction.
AnAlysIs of the IMpAct of off-AxIs current on shot 77895
With the aim of analyzing whether the inclusion of more off-axis current could lead to a steady-state scenario, the inclusion of an ECRH/ECCD system, consistent with the proposed configuration for JET [20] , is considered. Here, the ECRH/ECCD power used is P EC = 10MW (170 Ghz, X-mode, 2 nd harmonic), with two launching mirrors (5 MW each) located at major radius R = 4.32m and height Z = -0.4m for mirror 1 and Z=-0.3m for mirror 2. The poloidal injection angle is θ = -5°
for mirror 1 and θ = -8° for mirror 2 whereas the toroidal angle is φ = 25° for both. With this configuration, the deposition is located at ρ ~ 0.6 as shown in figure 13 . In addition, since it is well known that the tailoring of the q profile by localised CD can be optimised by applying the wave power during the initial current ramp-up phase of the discharge, this technique is used here.
In order to explore the impact of this technique on advanced JET discharges, CRONOS predictive simulations have been performed with the same parameters used for Pulse No: 77895, but applying LHCD earlier in the ramp-up phase (t = 2s). With the aim of analyzing the different impact of LHCD and ECRH/ECCD powers two scenarios have been considered: one with only 2MW of LHCD (as in the original shot) but included in the ramp-up phase (Scenario 1) and another one with the same LHCD power scheme but with 5MW of ECRH in the ramp-up and 10 MW of ECRH/ECCD in the flat-top phase (Scenario 2). In the case of scenario 2, the LH current is quickly located at ρ ~ 0.6, since the electron temperature is increased at that point due to the addition of the ECRH power as shown in figure 15 . Therefore, with the aim of comparing the impact of more off-axis current and for simplicity, the LH deposition has been fixed at ρ ~ 0.6 for both scenarios with the current drive efficiency previously calculated for Pulse No: 77895 (and therefore no synergy between LH and ECCD has been taken into account). The density and toroidal velocity profiles are also kept from the experimental Pulse No: 77895.
The temperature profiles obtained in both scenarios at t = 6s as well as the evolution of central electron and ion temperatures are shown in figure 14 . It appears that the strong increase of the temperature at t = 4-5s can be kept steadily in time by the effect of ECCD, whereas it decays without EC power. This temperature increase is in fact related to the formation of an ITB on the ion channel. As shown in figure 15 , this ITB formation is linked to the appearance of a region with negative magnetic shear together with the rotation induced by the NBI power. However, in scenario 1, the q profile is initially well reversed, owing to the application of LHCD in the ramp-up phase, but it subsequently evolves into a monotonic one, as already observed in JET [21] . Conversely, ECCD is able to keep the q profile reversed and the ITB erosion due to current diffusion is strongly reduced.
As a result, the non-inductive current fraction remains very close to one, whereas for scenario 1 it drops to 70%, the same value obtained when LHCD is applied at the end of the ramp-up. The noninductive current fraction also benefits from the increase of bootstrap fraction (> 50 %), as shown in figure 16 . The current density profiles obtained at t=6s for scenario 2 are shown in figure 16 . It appears that the bootstrap current increase comes from the foot of the ITB, which, in the flat-top phase, is mainly sustained by the ECCD current, which provides enough negative shear to sustain the scenario, owing to its narrow profile. A similar scenario was obtained by using more NBI power as well as more LHCD to create and sustain an ITB at ρ ~ 0.7 [22, 23] . This type of effects of interplay between current profile diffusion and ITB strength and sustainment are exactly those involved in the sustainment of ITBs in the ITER steady-state regimes [24] . In fact, scenario 1 shows that the tailoring of the q profile in the ramp-up phase does not necessarily lead to an improved scenario with ITB , since scenario 1 and the original Pulse No: 77895 are very similar from t>6s. Conversely, in scenario 2, the combined effect of LH+ECCD is able to tailor the q profile in the ramp-up phase and to sustain it above 2 for the time considered here. This approach for steady-state scenario establishment has been already pointed out to be important for ITER in [24] [25] [26] . Therefore, its investigation in JET would be of great relevance for the development of ITER steady-state scenarios.
The impact of the ITB on scenario 2 is evaluated in figure 17 by removing the factor responsible for the turbulent transport reduction on the Bohm-gyroBohm transport model. The bootstrap current is reduced by a 25% and therefore the total non-inductive current fraction, which was close to 100%, is reduced to 80%. However, the impact on the evolution of the q profile is not so important as also shown in figure 17 . At t = 10s, the q profile in the case with ITB is still above 2 and in the case with no ITB it is just slightly below 2. This fact shows that the real controller of the q profile is the ECRH/ECCD, since in the case of scenario 1, there was no ITB either at t=10s but the q profile was well below 2.
In any case, the analysis performed here has been done for the duration of the original shot 77895
with the aim of making the full comparison during the original configuration. However, in order to know whether these scenarios are really steady-state, longer simulations are needed since the sustainability of ITB plasmas involve several current diffusion times [24] . Therefore, scenario 2 has been extended until 20s with the aim of analyzing this problem. As shown in figure 18 , the q profile, which at t=10s is above 2, drops very slowly and at t = 20s is close to 1.5. Therefore, the combination of ECCD+LH significantly slows down the current evolution, however, with the configuration used here, no completely steady-state scenario can be achieved. Anyway, more analysis must be done in order to study whether with another heating configuration (mainly the ECCD location) this behavior can be overcome. Finally, these features show that longer experiments would be needed in order to guarantee that the scenarios analyzed on JET can be sustained for much longer times of the order of several current diffusion times.
suMMAry And conclusIons
An analysis of the possible development of steady-state scenarios on JET with high densities has been carried out with the CRONOS suite of codes. Similar conclusions have been obtained from the interpretative analysis of Pulse No's: 78052 and 77895. Although almost the full power capability of JET has been used, still the desired goal of 100% non-inductive current fraction has not been reached, due to the low current drive efficiencies at these densities and the low bootstrap current fraction obtained, ~40%, which is mainly produced in the pedestal region. In addition to this problem, it has been shown that very small or vanishing off-axis current is obtained due to the modest amount of LH power, the need to use high n|| and the fact that the NBCD is on-axis and rather peaked. These features have a clear implication on the sustainment of these scenarios, the q profile drops from an initial value close to 2 just before the L-H transition to a final value of 1 at the end of the flat-top phase.
In order to analyze whether more off-axis current can overcome these issues, 10 MW of ECRH/ ECCD with a deposition at ρ = 0.6 has been considered. Results obtained show that LH power is very useful to drive a weak ITB in the ramp-up phase with q>2, however, this is not enough to sustain this scenario in the flat-top phase. On the other hand, when the full ECRH/ECCD power is used, the q profile evolution is highly reduced, with nearly 100% of non-inductive current. The enhancement of the total non-inductive current is obtained by the increase of bootstrap current by 10%, due to the ITB in the ion channel, and by the addition of 0.25MA of ECCD.
This analysis shows the importance of the off-axis current in order to create and sustain advanced steady-state scenarios compatible with ITER features. In particular, and according to the calculations made in this paper, different H&CD schemes of input power and current drive are needed to create a scenario with ITB and to sustain it. In fact, this analysis has shown that with only 2MW of LH it is possible to create a wide ITB scenario if this power is used in the ramp-up phase, however this ITB is lost after 2s. Therefore, more off-axis current is needed, which could be supplied by ECCD.
These features have been already pointed out to be important for the ITER steady-state scenario [24] [25] [26] . Moreover, the problem of current alignment, which has been identified has critical for the transition to high beta regimes [27] , could be easily analyzed in these scenarios, due to the high bootstrap current fraction needed and the necessity of enough off-axis current to generate it.
Therefore, the experimental analysis of these problems on JET would be of extreme interest on the way to ITER. [4]. Suzuki T., Nuclear Fusion 48, 045002 (2008).
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